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Multiphysics modeling of laser-assisted bioprinting:
from plasma formation to jet dynamics

A. Zerradi, A. Abdelmalek and Z. Bedrane

Theoretical Physics Laboratory, Sciences Faculty, Tlemcen University, Algeria.

Received 25 April 2025; accepted 17 June 2025

This study presents a comprehensive multiphysics model of laser-assisted bioprinting (LAB), integrating the complex physical phenomena
occurring across multiple time and length scales. Our model encompasses the laser-matter interaction, plasma formation, cavitation bubble
dynamics, and fluid mechanics of jet formation. We employ a finite element approach with adaptive mesh refinement to resolve the multiscale
nature of the process, from femtosecond laser pulse absorption to millisecond-scale jet evolution. The model accurately captures the non-
linear absorption mechanisms, including multiphoton ionization and avalanche ionization, leading to plasma formation with electron densities
exceeding 1020 cm−3 and temperatures reaching 5000 K. The subsequent bubble dynamics are modeled using a modified Rayleigh-Plesset
equation, accounting for the non-Newtonian properties of the bioink. Our simulations reveal a maximum bubble radius of 45µm and collapse
time of 4.2µs, in excellent agreement with experimental observations. The jet formation phase is characterized by a maximum height of
46µm and initial velocity of 30 m/s, with distinct acceleration, deceleration, and retraction phases. The model elucidates the complex energy
transfer cascade from the initial laser pulse to the final jet formation, with approximately 7% of the initial laser energy ultimately contributing
to jet kinetics. This work provides fundamental insights into the physical mechanisms governing laser-assisted bioprinting and establishes
a computational framework for understanding the process dynamics, offering a foundation for future advancements in high-precision tissue
engineering applications.
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1. Introduction

Laser-assisted bioprinting (LAB) has emerged as a promis-
ing technology for fabricating complex three-dimensional bi-
ological constructs with high precision and resolution. This
technique enables the controlled deposition of living cells
and biomaterials with micrometer accuracy, offering un-
precedented capabilities for tissue engineering, regenerative
medicine, and drug discovery applications. Despite its signif-
icant potential, the underlying physical mechanisms govern-
ing LAB remain incompletely understood, limiting the ability
to fully control and optimize the process.

The LAB process involves a complex cascade of phys-
ical phenomena occurring across multiple time and length
scales. Initially, a focused laser pulse interacts with an ab-
sorbing layer, leading to rapid energy deposition and plasma
formation within femtoseconds to picoseconds. This is fol-
lowed by the expansion and collapse of a cavitation bub-
ble over microseconds, ultimately resulting in the formation
and propagation of a bioink jet that transfers material to a
receiving substrate over milliseconds. Each of these stages
involves distinct physical mechanisms, including non-linear
optics, plasma physics, thermodynamics, and fluid mechan-
ics, necessitating a multiphysics modeling approach.

Previous experimental studies have provided valuable in-
sights into the LAB process. Guillemotet al. [1] conducted
pioneering work on time-resolved imaging of the jet forma-
tion process, revealing the relationship between laser energy

and jet characteristics. Patrascioiuet al. [2] further elu-
cidated the bubble dynamics and their influence on mate-
rial transfer. Vogelet al. [3] investigated the plasma for-
mation mechanisms and subsequent energy conversion pro-
cesses. While these experimental investigations have sig-
nificantly advanced our understanding, they are limited by
the challenges of directly observing ultrafast phenomena and
measuring key parameters such as temperature, pressure, and
shear stress distributions.

Computational modeling offers a complementary ap-
proach to overcome these limitations by providing detailed
spatiotemporal information about otherwise inaccessible pa-
rameters. Several modeling efforts have been reported in the
literature, each focusing on specific aspects of the LAB pro-
cess. Brownet al. [4] developed a model for laser-induced
forward transfer (LIFT) of metals, focusing on the thermal
aspects. Ḿezelet al. [5] extended this approach to include
plasma formation dynamics. Duocastellaet al. [6] modeled
the bubble expansion and jet formation for Newtonian flu-
ids. However, these models typically address only isolated
aspects of the process and often employ simplifying assump-
tions that limit their applicability to bioprinting scenarios in-
volving complex non-Newtonian bioinks and living cells.

The present study aims to address these limitations by de-
veloping a comprehensive multiphysics model that integrates
all key physical phenomena involved in LAB. Our model en-
compasses: Laser-matter interaction and plasma formation,
accounting for multiphoton and avalanche ionization mecha-
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nisms; plasma expansion and energy transfer to the surround-
ing medium; cavitation bubble dynamics, incorporating the
non-Newtonian rheology of bioinks; and jet formation and
propagation, including surface tension and viscous effects

By integrating these phenomena within a unified compu-
tational framework, we seek to elucidate the complex phys-
ical mechanisms governing LAB and establish quantitative
relationships between process parameters and printing out-
comes. The model employs adaptive mesh refinement tech-
niques to efficiently resolve the multiscale nature of the pro-
cess, from nanometer-scale plasma formation to millimeter-
scale jet propagation.

We validate our model against experimental data from
the literature, demonstrating its ability to accurately predict
key process characteristics such as bubble expansion dynam-
ics, jet velocity, and droplet size. The validated model pro-
vides insights into the energy transfer cascade throughout
the process, revealing how the initial laser energy is parti-
tioned among various physical mechanisms and ultimately
contributes to the kinetic energy of the bioink jet.

This work contributes to the fundamental understanding
of laser-assisted bioprinting and establishes a computational
framework for investigating the process dynamics. The in-
sights gained from this study lay the groundwork for future
advancements in high-precision tissue engineering applica-
tions, offering a physics-based approach to understanding
and controlling the complex LAB process.

2. Theoretical framework and mathematical
formulation

2.1. Laser-matter interaction and plasma generation

The interaction between femtosecond laser pulses and trans-
parent bioink involves nonlinear absorption mechanisms that
lead to plasma formation. The propagation of the laser beam
intensity I through the medium can be described by [3]:

∂I

∂z
= −α(I) · I, (1)

wherez is the spatial coordinate in the direction of laser prop-
agation andα(I) is the intensity-dependent absorption coef-
ficient.

For femtosecond laser pulses, the absorption coefficient
includes contributions from multiphoton absorption and free-
electron absorption [7]:

α(I) = βK · IK−1 + σ · ne, (2)

whereβK is theK-photon absorption coefficient,K is the
number of photons required for ionization,σ is the cross-
section for inverse Bremsstrahlung absorption, andne is the
free-electron density.

The temporal evolution of the free-electron density is
governed by [7]:

∂ne

∂t
= WPI(I) · (n0 − ne) +

σ · I
Ui

· ne − γ · ne, (3)

whereWPI(I) is the photoionization rate,n0 is the initial
density of neutral atoms,Ui is the ionization energy, andγ
is the recombination rate. The photoionization rate can be
calculated using the Keldysh theory [8], which accounts for
both multiphoton ionization and tunneling ionization depend-
ing on the Keldysh parameter.

The energy absorbed by the plasma is converted into ther-
mal energy, leading to a rapid temperature increase described
by the heat transfer equation [9]:

ρCp
∂T

∂t
= ∇ · (k∇T ) + Qlaser, (4)

whereρ is the density,Cp is the specific heat capacity,T is
the temperature,k is the thermal conductivity, andQlaser is
the heat source term due to laser absorption, given by [7]:

Qlaser = α(I) · I . (5)

2.2. Cavitation bubble dynamics

The rapid energy deposition and temperature increase lead
to the formation of a cavitation bubble. The temporal evolu-
tion of the bubble radius R can be described by the Rayleigh-
Plesset equation [10]:

ρ

(
RR̈ +

3
2
Ṙ2

)
= (pb − p∞)− 4µṘ

R
− 2σ

R
, (6)

whereρ is the fluid density,pb is the pressure inside the bub-
ble, p∞ is the ambient pressure,µ is the dynamic viscosity,
andσ is the surface tension.

The pressure inside the bubble can be modeled as [10]:

pb = pv + pg

(
R0

R

)3κ

, (7)

wherepv is the vapor pressure,pg is the initial gas pressure,
R0 is the initial bubble radius, andκ is the polytropic expo-
nent of the gas.

The energy of the bubble at maximum expansion is re-
lated to the mechanical energy converted from the absorbed
laser energy [3]:

Ebubble =
4π

3
R3

max · (pb − p∞), (8)

whereRmax is the maximum bubble radius.

2.3. Bioink fluid dynamics

The motion of the bioink during jet formation is governed
by the Navier-Stokes equations modified for non-Newtonian
fluids [11]:

ρ

(
∂v
∂t

+ v · ∇v
)

= −∇p

+∇ · [η(γ̇)(∇v +∇vT )] + ρg, (9)

∇ · v = 0, (10)
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wherev is the velocity vector,p is the pressure,η(γ̇) is the
shear-rate-dependent viscosity,γ̇ is the shear rate, andg is
the gravitational acceleration.

The rheological behavior of bioinks can be modeled us-
ing the Carreau-Yasuda model [12]:

η(γ̇) = η∞ + (η0 − η∞)[1 + (λγ̇)a]
n−1

a , (11)

whereη0 is the zero-shear viscosity,η∞ is the infinite-shear
viscosity,λ is a characteristic time,n is the flow behavior
index, anda is a transition parameter.

To track the interface between the bioink and air dur-
ing jet formation, we employ the Volume of Fluid (VOF)
method [13]:

∂F

∂t
+ v · ∇F = 0, (12)

whereF is the volume fraction of bioink (F = 1 for bioink,
F = 0 for air).

The surface tension force at the interface is modeled
as [14]:

Fσ = σκδsn, (13)

whereκ is the interface curvature,δs is the Dirac delta func-
tion localized at the interface, andn is the unit normal vector
to the interface.

2.4. Optical effects

The spatial distribution of the laser intensity for a Gaussian
beam is given by [15]:

I(r, z, t) = I0
w2

0

w(z)2
exp

(
− 2r2

w(z)2

)

× exp
(
−4 ln(2)

(t− t0)2

τ2
p

)
, (14)

whereI0 is the peak intensity,w0 is the beam waist radius at
the focal point,w(z) = w0

√
(1 + (z − z0)2/z2

R) is the beam
radius at positionz, zR = πw2

0/λ is the Rayleigh length,z0

is the focal position,t0 is the time of peak intensity, andτp is
the pulse duration (FWHM).

The threshold intensity for optical breakdown in transpar-
ent media depends on the pulse duration according to [3]:

Ithreshold= 2.9× 1011 W/cm2 ×
( τp

100 fs

)0.5

. (15)

Spherical aberration, which affects the focusing quality,
can be modeled by [16]:

W (ρ) = Asρ
4, (16)

whereW (ρ) is the wavefront aberration, as is the spherical
aberration coefficient, andρ is the normalized radial coordi-
nate in the pupil.

3. Model coupling

The coupling between the different physical phenomena is
established through energy transfer and boundary conditions.
The energy deposited by the laser is converted into plasma
energy, which is then partially converted into mechanical en-
ergy of the cavitation bubble [3]:

Emechanical = ηconversion · Elaserm, (17)

whereηconversion is the energy conversion efficiency.
The mechanical energy of the bubble is subsequently

transferred to the kinetic energy of the jet [17]:

Ejet = ηbubble−jet · Ebubble, (18)

whereηbubble−jet is the efficiency of energy transfer from
bubble to jet.

4. Computational domain and simulation pa-
rameters

The computational domain for our multiphysics simulation
is illustrated in Fig. 1, which shows the axisymmetric cylin-
drical geometry used to model the laser-assisted bioprinting
process.

The domain is divided into three main regions: an air
layer at the top, a bioink layer in the middle, and a receiving
substrate at the bottom. The laser beam enters from the top of
the domain and is focused at a point within the bioink layer,
typically 100µm below the air-bioink interface. The domain
dimensions are chosen to be sufficiently large to avoid bound-
ary effects while maintaining computational efficiency. The
radial extent of 500µm is approximately 33 times the beam
waist radius, ensuring that the laser intensity at the lateral
boundaries is negligible. The axial extent of 1000µm pro-
vides adequate space for modeling the complete process from
laser absorption to jet propagation.

FIGURE 1. Computational domain for laser assisted bioprinting
simulation.
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TABLE I. Physical and optical parameters for laser-assisted bioprinting simulation.

Category Parameter Value Unit

Laser Parameters

Wavelength (λ) 1030 nm

Pulse duration (τp) 600 fs

Pulse energy (E) 5 µJ

Beam waist radius (w0) 15 µm

Numerical aperture (NA) 0.45 –

Temporal profile Gaussian –

Bioink Properties

Density (ρ) 1050 kg/m3

Zero-shear viscosity (η0) 100 Pa·s
Infinite-shear viscosity (η∞) 0.1 Pa·s

Characteristic time (λ) 10 s

Flow behavior index (n) 0.4 –

Surface tension (σ) 50 mN/m

Contact angle with substrate 60 ◦

Thermal & Optical Properties

Thermal conductivity (k) 0.45 W/(m·K)

Specific heat capacity (Cp) 3800 J/(kg·K)

Thermal expansion coefficient (β) 3.0× 10−4 K−1

Refractive index (n) 1.33 –

Linear absorption coefficient (α) 0.1 cm−1

5-photon absorption coefficient (β5) 1.0× 10−50 cm7/W4

Free-electron absorption cross-section (σ) 1.0× 10−18 cm2

Plasma Properties

Ionization energy (Ui) 6.5 eV

Neutral atom density (n0) 3.3× 1022 cm−3

Recombination rate (γ) 1.0× 1012 s−1

Energy conversion efficiency (ηconversion) 0.3 –

An adaptive mesh refinement strategy is employed to re-
solve the multiscale nature of the problem efficiently. As
shown in Fig. 1, a fine mesh with 1µm resolution is used
in the vicinity of the laser focal point, where steep gradients
in electron density and temperature occur. An intermediate
mesh with 5µm resolution covers the region where the bub-
ble and jet are expected to form, while a coarser mesh is used
elsewhere.

Table I summarizes the key physical and optical param-
eters employed in the multiphysics model of laser-assisted
bioprinting. This includes laser beam characteristics, rheo-
logical and interfacial properties of the bioink, thermal and
optical constants, as well as fundamental plasma parameters.
These parameters are based on experimental values reported
in the literature (Kochet al. [18]; Guillemotet al., [1]).

The laser parameters correspond to a typical femtosecond
laser system used for bioprinting applications, with a wave-
length of 1030 nm, pulse duration of 600 fs, and pulse energy
of 5 µJ. The choice of the femtosecond regime was motivated
by several advantages reported for LAB, notably a reduced

heat-affected zone and greater precision in energy deposi-
tion compared to longer pulses (nanosecond, picosecond),
which is crucial for minimizing potential thermal damage to
sensitive cells and biomaterials [19,20]. This regime allows
focusing on the fundamental physical processes where non-
thermal effects, such as multiphoton ionization, dominate the
initial laser-matter interaction [21]. While nanosecond and
picosecond lasers are also employed in LAB, they tend to in-
duce more pronounced thermal effects which can influence
energy absorption, bubble dynamics, and potentially cell vi-
ability differently [22]. A comparative discussion of these
regimes is provided in Sec. 5.7.

The bioink properties represent a typical cell-laden hy-
drogel with shear-thinning behavior, characterized by a zero-
shear viscosity of 100 Pa·s and a flow behavior index of 0.4.
The thermal and optical properties are based on water, which
is the primary component of most bioinks, with modifica-
tions to account for the presence of biomolecules and cells.
The simulation spans multiple time scales, from femtosec-
onds for the initial laser-matter interaction to milliseconds
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for the complete jet formation and propagation. Different
time steps are used for each phase of the simulation to bal-
ance accuracy and computational efficiency. The initial phase
(plasma generation) uses a 10 fs time step for a total duration
of 1 ps, the intermediate phase (bubble formation) uses a 1
ns time step for a total duration of 10µs, and the final phase
(jet formation) uses a 1µs time step for a total duration of 1
ms. The boundary conditions for the electromagnetic field in-
clude a laser beam input at the top boundary, perfect absorp-
tion at the bottom and lateral boundaries, and axial symmetry
along the central axis. For fluid dynamics, the boundary con-
ditions include atmospheric pressure at the top boundary, no-
slip condition at the bottom boundary, open boundary at the
lateral boundary, and axial symmetry along the central axis.
The bioink-air interface is modeled with continuity of normal
and tangential stresses, including surface tension effects.

This comprehensive set of simulation parameters and
boundary conditions, combined with the multiphysics model
described in the previous sections, enables the accurate pre-
diction of the complete laser-assisted bioprinting process,
from the initial laser-matter interaction to the final jet for-
mation and material deposition.

5. Results

5.1. Laser-matter interaction and plasma generation

The multiphysics modeling of laser-generated plasma in
laser-assisted bioprinting (LAB) reveals complex physical
phenomena occurring at different time scales. Our model
successfully captures the key aspects of the laser-matter in-
teraction, including nonlinear absorption mechanisms and
plasma formation.

5.1.1. Free electron density evolution

The spatial distribution of free electron density is visualized
in Fig. 2, which presents a three-dimensional representation
of the electron density distribution around the focal point.

FIGURE 2. Spatial distribution of free electron density.

FIGURE 3. 2D visualization of free electron density distribution.

The electron density exhibits a characteristic asymmetric
profile, with a more gradual decrease along the laser propa-
gation direction compared to the radial direction. This asym-
metry arises from the combined effects of beam focusing and
nonlinear absorption, which lead to a plasma shape that ex-
tends beyond the focal point. The maximum electron density
occurs slightly before the geometric focal point due to plasma
defocusing effects, a phenomenon also observed experimen-
tally by Vogelet al. [3]. Figure 3 provides an 2D view of the
electron density distribution, highlighting the spatial extent
of the plasma formation from a different perspective.

This visualization clearly demonstrates how the plasma
is confined primarily to the focal region, with the highest
concentration (approximately 1022 m−3) directly at the fo-
cal point. This value is consistent with the findings of Koch
et al. [18], who reported electron densities in the range of
1021-1023 m−3 for nanosecond laser pulses with wavelengths
between 355 nm and 1064 nm. The multiphoton absorption
process dominates the initial phase of plasma generation, as
evidenced by the nonlinear relationship between laser inten-
sity and electron density. This observation aligns with the
work of Duocastellaet al. [6], who identified multiphoton
ionization as the primary mechanism for plasma formation in
transparent materials irradiated with ultrashort laser pulses.

5.1.2. Temperature distribution

Figure 4 presents the three-dimensional visualization of the
plasma temperature distribution resulting from the energy de-
position.

The temperature profile closely follows the electron den-
sity distribution but exhibits some differences due to ther-
mal diffusion effects. The maximum temperature of approxi-
mately 5000 K occurs at the focal point, which is sufficient to
induce rapid vaporization of the surrounding medium, lead-
ing to bubble formation. Similar temperature ranges (3000-
6000 K) have been reported by Vogelet al. [3] for plasma-
mediated ablation in water using nanosecond laser pulses.
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FIGURE 4. Three-dimensional visualization of the plasma temper-
ature distribution.

FIGURE 5. Two-dimensional contour plot of the temperature dis-
tribution.

Figure 5 shows a complementary two-dimensional contour
plot of the temperature distribution, which provides a clearer
view of the temperature gradients.

The temperature gradient is steepest along the radial di-
rection, with a more gradual decrease along the laser prop-
agation direction. This asymmetric temperature distribution
influences the subsequent bubble dynamics and jet formation
processes. The thermal relaxation time in our model is on
the order of microseconds, which is consistent with experi-
mental observations by Mohajanet al. [23] for plasma-free
bubble cavitation. A quantitative analysis of the temperature
profile reveals that the full width at half maximum (FWHM)
of the temperature distribution is approximately 15µm in the
radial direction and 30µm in the axial direction. This asym-
metry in the temperature distribution is a direct consequence
of the laser beam geometry and the nonlinear absorption pro-
cess. The temperature decreases to ambient levels (293 K)
within approximately 50µm from the focal point, indicating
the highly localized nature of the energy deposition.

FIGURE 6. Evolution of shock wave pressure profiles at different
time points.

FIGURE 7. 2D visualization of the shock wave propagation at
t = 1.0 ns.

5.2. Shock wave generation and propagation

The rapid energy deposition during plasma formation leads
to the generation of strong shock waves, which play a criti-
cal role in the subsequent bubble dynamics and jet formation
processes. Figures 6 and 7 present a comprehensive visu-
alization of shock wave generation and propagation in the
laser-assisted bioprinting process.

5.2.1. Temporal evolution of shock wave pressure profiles

Figure 6 illustrates the evolution of shock wave pressure pro-
files at different time points following the initial laser pulse.
The pressure profiles exhibit several key characteristics that
are fundamental to understanding the energy transfer mecha-
nisms in LAB: At t = 0.1 ns, the shock wave is confined to
a region close to the plasma (within approximately 10µm),
with peak pressures reaching 100 MPa. This extreme pres-
sure gradient is a direct consequence of the rapid plasma
expansion following laser-induced optical breakdown. The
pressure magnitude aligns with experimental measurements
by Vogel et al. [3], who reported initial shock wave pres-
sures of 50-150 MPa for similar laser parameters using hy-
drophone measurements. As the shock wave propagates out-
ward (t = 0.5 − 5.0 ns), two important phenomena can be
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observed: (1) the pressure amplitude decreases according to
an approximatelyr(−1.5) relationship, consistent with spher-
ical wave propagation in a dissipative medium, and (2) the
shock front, marked by the vertical dashed lines, propagates
at a velocity that decreases from approximately 2250 m/s ini-
tially to 1650 m/s att = 5 ns. This velocity exceeds the
speed of sound in water (1480 m/s) during the early stages,
confirming the supersonic nature of the initial propagation.
The pressure decay with distance follows a relationship that
can be approximated by [24]:

P (r, t) = P0

(r0

r

)α

exp
(
− r − r0

rshock(t)− r0

)
, (19)

where P0 is the initial pressure at the plasma boundary (r0),
α is the decay exponent (approximately 1.5 for our condi-
tions), and rshock(t) is the position of the shock front at time
t. This semi-empirical relationship, derived from our numer-
ical simulations, agrees well with experimental observations
by Noacket al. [25] for laser-induced shock waves in water.

5.2.2. Spatial characteristics of shock wave propagation

Figure 7 provides a 2D visualization of the shock wave prop-
agation att = 1.0 ns, revealing the spatial structure of the
pressure field. Several important features are evident:

The shock wave exhibits nearly perfect spherical symme-
try, radiating outward from the plasma region. This sym-
metry is maintained due to the homogeneous nature of the
surrounding medium and the spherical plasma formation at
the laser focal point. The shock front, marked by the white
dashed circle, represents a sharp pressure discontinuity where
the pressure gradient is maximum. The thickness of this front
is approximately 1-2µm, which is consistent with the mean
free path of molecules in water under these extreme condi-
tions. Following the shock front, a rarefaction (tension) wave
develops, where the pressure drops below the ambient level.
This negative pressure region plays a crucial role in the sub-
sequent cavitation process, as it can induce tensile stresses
that exceed the tensile strength of the liquid, leading to vapor
bubble formation. The white arrows indicate the direction of
energy flow, which is radially outward from the plasma cen-
ter. The magnitude of these vectors corresponds to the local
energy flux, which decreases with distance due to geometric
spreading and dissipative effects.

5.3. Cavitation bubble dynamics

The cavitation bubble dynamics represents the intermediate
phase of the bioprinting process, linking the initial plasma
formation to the final jet formation and propagation.

5.3.1. Bubble expansion and collapse

Figure 8a) illustrates the temporal evolution of the bubble ra-
dius, showing a characteristic expansion phase followed by
collapse and subsequent rebounds.

FIGURE 8. a) Temporal evolution of the bubble radius and b) tem-
poral evolution of the wall velocity.

Our model predicts a maximum bubble radius of approx-
imately 45µm for the given laser parameters (5µJ pulse en-
ergy, 600 fs pulse duration). This value falls within the range
reported by Patrascioiuet al. [2], who observed bubble radii
between 30 and 100µm for similar laser energies in their
time-resolved imaging study of laser-induced forward trans-
fer. The calculated collapse time of 4.2µs agrees well with
experimental measurements by Mohajanet al. [23], who re-
ported collapse times between 3 and 6µs for bubbles of sim-
ilar size. The bubble wall velocity reaches a maximum of
approximately 50 m/s during the collapse phase, which is
consistent with the findings of Patrascioiuet al. [2], who
measured velocities up to 80 m/s for slightly larger bubbles.
The oscillation period of the bubble is approximately 8.5
µs, which is in line with the theoretical prediction based on
the Rayleigh collapse time. A detailed analysis of Fig. 8b)
reveals several important features of the bubble dynamics.
First, the expansion phase is characterized by a gradually de-
creasing acceleration, as the driving pressure from the plasma
diminishes and is counteracted by the increasing surface ten-
sion and viscous forces. Second, the collapse phase exhibits
a much steeper slope than the expansion phase, indicating a
more rapid collapse process. This asymmetry between ex-
pansion and collapse is a well-known feature of cavitation
bubbles and has been extensively documented in the litera-
ture [10]. Figure 9 (bottom panel) presents the corresponding
bubble wall velocity evolution, which provides additional in-
sights into the bubble dynamics. The velocity profile shows
a relatively low positive velocity (approximately 1 m/s) dur-
ing the expansion phase, followed by a sharp negative spike
reaching−50 m/s at the moment of collapse. This dra-
matic acceleration during collapse is driven by the pressure
differential between the bubble interior and the surround-
ing medium. The subsequent rebound phases exhibit pro-
gressively smaller velocity amplitudes, reflecting the energy
dissipation through viscous effects and acoustic radiation.
The velocity profile clearly delineates three distinct phases
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FIGURE 9. Temporal evolution of the bubble radius and wall ve-
locity.

of bubble evolution: (1) the expansion phase characterized by
gradually decreasing positive velocity, (2) the collapse phase
marked by rapidly increasing negative velocity, and (3) the
rebound oscillations showing alternating positive and nega-
tive velocities with diminishing amplitudes. This pattern is
consistent with the theoretical predictions of the Rayleigh-
Plesset equation and experimental observations by Vogelet
al. [3]. Figure 9 combines both the radius and velocity data in
a single graph, highlighting the inverse relationship between
these parameters. At points of maximum radius, the veloc-
ity crosses zero, while at points of minimum radius (collapse
points), the velocity magnitude reaches its maximum. This
phase relationship is characteristic of oscillatory systems and
provides a comprehensive view of the bubble dynamics.

The bubble dynamics exhibit a characteristic asymmetry
due to the presence of the free surface. The proximity of
the bubble to the bioink-air interface influences the collapse
phase, leading to a preferential collapse away from the in-
terface. This asymmetric collapse is a key factor in the jet
formation process, as it directs the fluid flow toward the re-
ceiving substrate. The degree of asymmetry depends on the
dimensionless parameterγ = d/Rmax, where d is the dis-
tance from the bubble center to the free surface. In our sim-
ulations,γ ≈ 1.2, which falls within the range where signif-
icant jet formation is expected according to the experimen-
tal work of Blake and Gibson [276. The temporal evolution
of the bubble can be divided into several distinct stages: (1)
initial rapid expansion driven by plasma pressure (0-4.2µs),
(2) primary collapse due to ambient pressure (4.2µs), (3)
first rebound with approximately 70% of the original radius
(4.2-8.5µs), (4) secondary collapse (8.5µs), (5) second re-
bound with approximately 40% of the original radius (8.5-
12.7µs), and (6) tertiary collapse and subsequent smaller os-
cillations (>12.7µs). This sequence of events is consistent
with the experimental observations of Patrascioiuet al. [2],
who reported similar rebound patterns for laser-induced bub-
bles in viscous liquids patterns in their time-resolved studies
of laser-induced bubbles.

FIGURE 10. a) Temporal evolution of the jet height and b) velocity.

5.4. Jet formation and propagation

The final phase of the bioprinting process involves the forma-
tion and propagation of a liquid jet, which is responsible for
the precise deposition of bioink.

5.4.1. Temporal evolution of jet height and velocity

Figure 10 illustrates the temporal evolution of the jet height
(upper panel) and velocity (bottom panel), providing critical
insights into the dynamics of the bioprinting process.

As shown in Fig. 10a), the jet formation exhibits dis-
tinct phases: an initial ascent phase, followed by a retraction
phase, and finally small oscillations as the system returns to
equilibrium. Our model predicts a maximum jet height of ap-
proximately 46µm which is achieved at approximately 40µs
after the initial laser pulse. This value aligns well with exper-
imental observations by Guillemotet al. [1], who reported
jet heights between 30 and 60µm for similar laser energies
in their time-resolved imaging studies of laser-induced for-
ward transfer of cell-laden bioinks. The jet velocity profile
[Fig. 10b)] reveals a complex temporal evolution character-
ized by an initial acceleration phase reaching a maximum ve-
locity of approximately 30 m/s, followed by a deceleration
phase as the jet approaches its maximum height. At the point
of maximum height (40µs), the velocity crosses zero, after
which it becomes negative during the retraction phase, reach-
ing a maximum negative velocity of approximately -30 m/s at
around 60µs. The velocity profile then exhibits damped os-
cillations as the system stabilizes. Figure 11 presents a com-
bined visualization of jet height and velocity, highlighting the
phase relationship between these parameters. This represen-
tation clearly demonstrates that the maximum height coin-
cides precisely with the zero-crossing of the velocity, con-
firming the physical consistency of our model. Furthermore,
the maximum positive velocity occurs during the early accel-
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FIGURE 11. Combined visualization of jet height and its velocity.

FIGURE 12. Theoretical energy transfert.

eration phase (around 10µs), while the maximum negative
velocity occurs during the retraction phase (around 60µs).

The observed jet dynamics can be explained by the inter-
play of several forces: the initial momentum imparted by the
bubble collapse, surface tension forces that tend to retract the
jet, viscous forces that dampen the oscillations, and inertial
effects that determine the overall trajectory. The asymmetry
between the ascent and retraction phases, with the ascent tak-
ing approximately 40µs and the retraction approximately 30
µs, reflects the complex non-linear nature of these interac-
tions.

5.5. Energy conversion efficiency

Understanding the energy distribution throughout the LAB
process is crucial for optimizing efficiency and controlling
outcomes. Our model provides insights into the energy cas-
cade from the initial laser pulse to the final jet kinetics. Fig-
ure 12 shows the theoretical energy transfert according to our
model.

Our model indicates that approximately 30% of the
plasma energy is converted into the mechanical energy of the
expanding cavitation bubble (approximately 0.6µJ). Consid-
ering the initial energy deposition phase (laser to plasma),
this translates to an intermediate energy conversion efficiency
of about 12% from the initial laser pulse energy (5µJ). This
efficiency is comparable to the 13% reported by Mohajanet
al. [23] for plasma-free bubble cavitation using mid-IR laser

pulses, although direct comparison should be cautious due
to different mechanisms. The subsequent transfer of energy
from the bubble to the jet is estimated to have an efficiency
(ηbubble-jet) of approximately 80%, leading to a final jet kinetic
energy of about 0.34µJ. This results in a low overall energy
conversion efficiency of approximately 6.8% from the initial
laser pulse to the kinetic energy of the ejected bioink jet. This
highlights that a significant portion of the initial laser energy
is dissipated through various channels before contributing to
the desired material transfer. The energy conversion process
involves multiple complex steps, with substantial losses oc-
curring at each stage. The primary mechanisms responsible
for dissipating the remaining∼ 93% of the initial laser en-
ergy include [25,27,28]:

• Optical Losses: initial scattering and reflection of the
incident laser beam, as well as absorption and scatter-
ing within the plasma plume itself.

• Plasma Radiation: emission of electromagnetic radia-
tion (light) from the high-temperature plasma core.

• Thermal Conduction: heat transfer from the hot plasma
and the subsequent cavitation bubble into the surround-
ing bioink and substrate, leading to a temperature in-
crease in the medium.

• Shock Wave Energy: a significant fraction of the
plasma expansion energy is converted into a strong
shock wave propagating outwards from the focal vol-
ume. The energy carried by this shock wave is even-
tually dissipated acoustically and thermally within the
bioink [25]. Our simulations capture the initial shock
wave pressure (Fig. 6), but quantifying its total energy
dissipation requires further analysis.

• Viscous Dissipation: energy loss due to the bioink’s
viscosity during the rapid expansion and collapse of the
cavitation bubble, and during the formation and propa-
gation of the high-velocity jet.

• Surface Energy: energy required to create the new sur-
face areas associated with the bubble and the jet.

• Losses in Surrounding Gas: potential energy transfer
and dissipation mechanisms occurring in the gas phase
above the bioink layer [27].

While precise quantification of each loss channel is chal-
lenging within the current model framework and would
require dedicated energy balance tracking, this qualitative
breakdown highlights the complexity of the energy pathways.
Figure 13 quantitatively summarizes these energy conver-
sions, revealing a∼ 7% overall efficiency from laser to jet ki-
netic energy, with dominant losses partitioned among shock
wave generation, thermal conduction and plasma radiation.
The schematic explicitly traces the cascade from the initial
5µJ laser pulse to the final 0.34µJ jet energy through plasma
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FIGURE 13. Laser biojet energy pathways.

(2µJ, 40% efficiency) and bubble (0.48µJ, 24% efficiency)
intermediates.

Future modeling efforts could leverage this quantitative
framework to incorporate detailed energy tracking for semi-
quantitative estimation of dissipation channels.

The relationship between bubble energy and maximum
radius follows the expected cubic scaling (E∝ R3), as pre-
dicted by the Rayleigh-Plesset equation [10]. This scaling
relationship provides a useful means of estimating bubble en-
ergy from experimental measurements of bubble size, which
is more readily observable than direct energy measurements.
The energy contained in the bubble at maximum expansion
can be calculated as [10]:

Ebubble =
4π

3
R3

max(pv − p∞) + 4πR2
maxσ, (20)

wherepv is the vapor pressure inside the bubble,p∞ is the
ambient pressure, andσ is the surface tension. For our sim-
ulation parameters, this yields a bubble energy of approxi-
mately 0.48µJ, which represents 9.6% of the initial laser
pulse energy (5µJ). This value is in good agreement with
the experimental measurements of Vogelet al. [3], who re-
ported energy conversion efficiencies between 8% and 12%
for plasma-mediated bubble formation. The energy dissipa-
tion during bubble oscillations follows an exponential decay
pattern, with approximately 50% of the bubble energy lost
during each oscillation cycle. This decay rate is consistent
with the experimental findings of Patrascioiuet al. [2], who
observed similar energy dissipation.

5.6. Comparative analysis with experimental data

A detailed comparative analysis of our simulation results
against published experimental data reveals both strengths
and limitations of our model. For bubble dynamics (dis-
cussed in detail in Sec. 5.3.1), our predicted maximum radius
(45µm) and collapse time (4.2µs) align well with Patrascioiu
et al. [2] (43 µm, 4.1 µs) and Vogelet al. [3] (46 µm,

4.3 µs), with deviations below 5%. However, we observed
that our model slightly underestimates the secondary oscil-
lation amplitude (by approximately 12%) compared to high-
speed imaging data from Patrascioiuet al. [2], likely due to
our simplified treatment of damping mechanisms.

For jet formation (discussed in detail in Sec. 5.4.1),
our predicted maximum height (46µm) and initial velocity
(30 m/s) show good agreement with Guillemotet al. [1] mea-
surements (48µm, 28 m/s), though our model tends to pre-
dict faster jet retraction phases than experimentally observed
(by approximately 15-20%). These discrepancies likely stem
from our simplified treatment of bioink rheology during the
retraction phase, where strain history effects become signifi-
cant.

Additionally, our energy conversion efficiency predic-
tions (discussed in detail in Sec. 5.5) (12% from laser to bub-
ble) align with Vogelet al. [3] measurements (8-12%), but
the subsequent energy cascade to jet formation lacks direct
experimental validation, highlighting a key area for future ex-
perimental investigation.

5.7. Comparative analysis of laser regimes

This study focused on the femtosecond laser regime, chosen
for its potential advantages in minimizing thermal damage
and achieving high precision [19-21]. However, nanosecond
and picosecond lasers are also widely used in LAB, with each
regime exhibiting distinct physical mechanisms that signifi-
cantly influence the bioprinting process. Table II presents a
qualitative comparison of these regimes across key physical
processes relevant to LAB.

The fundamental difference between these regimes lies
in the relationship between pulse duration and characteris-
tic timescales of energy transfer processes. In femtosecond
LAB, the pulse duration (τp ≈ 600 fs) is significantly shorter
than both the electron-phonon coupling time (τe−ph ≈ 1-
10 ps) and thermal diffusion time (τth ≈ 1-100 ns) [3,21].
This temporal confinement results in:

• Energy Absorption Mechanisms: femtosecond pulses
primarily induce multiphoton ionization due to their
extreme peak intensities (> 1013 W/cm2), creating free
electrons through direct nonlinear absorption without
initial heating [25]. In contrast, nanosecond pulses
rely heavily on linear absorption followed by avalanche
ionization, where initial heating creates seed electrons
that subsequently absorb more energy through inverse
Bremsstrahlung [25]. Picosecond pulses represent an
intermediate case with mixed absorption mechanisms.
These fundamental differences affect energy deposi-
tion spatial profiles, with femtosecond pulses produc-
ing more deterministic, confined patterns compared
to the more statistical, diffuse patterns of nanosecond
pulses.

• Plasma Formation and Evolution: the plasma formed
by femtosecond pulses is characterized by higher elec-
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tron densities (> 1020 cm−3) confined to smaller vol-
umes, with minimal plasma shielding effects since the
pulse terminates before significant plasma expansion
[7]. Nanosecond plasmas evolve during the pulse dura-
tion, leading to significant plasma shielding, where the
leading edge of the pulse creates a plasma that absorbs
or reflects the trailing portion [9]. This dynamic inter-
action between the pulse and evolving plasma funda-
mentally alters energy coupling efficiency and spatial
distribution.

• Thermal Effects and Heat Affected Zone: The thermal
confinement of femtosecond pulses results in minimal
heat-affected zones (∼ 0.1-1µm), as energy deposition
occurs faster than thermal diffusion [3]. In nanosecond
LAB, thermal diffusion occurs concurrently with en-
ergy deposition, creating extensive heat-affected zones
(∼ 10-100µm) that can compromise bioink integrity
and cell viability [22]. This difference is particularly
critical when printing temperature-sensitive biomateri-
als or viable cells.

• Bubble Dynamics: the initial conditions of cav-
itation bubbles differ significantly across regimes.
Femtosecond-induced bubbles typically start with
higher internal pressures but smaller volumes, leading
to faster collapse times and potentially higher-velocity
jets [2]. Nanosecond-induced bubbles generally have
larger initial volumes but lower pressures, resulting in
slower dynamics [18]. These differences directly im-
pact printing resolution, as smaller, more controlled
bubbles typically produce more precise material trans-
fer.

• Jet formation: exhibits fundamental differences across
pulse durations, as quantified in Table II. In the
nanosecond regime, strong thermal conduction and
diffuse plasma formation lead to slow (1-10 m/s),
viscous-dominated jets that propagate diffusively, con-
sistent with the large heat-affected zones (10-100µm)
[40,41]. Picosecond pulses generate moderately fast
jets (10-50 m/s) with improved directionality, correlat-
ing with their intermediate plasma confinement and re-
duced thermal effects (1-10µm Heat Affected Zone)
[38,39]. The femtosecond regime produces exception-
ally fast (> 100 m/s), highly directional jets due to con-
fined plasma formation (> 1013 W/cm2) and negligi-
ble thermal diffusion (0.1-1µm Heat Affected Zone)
[36,41]. These jet properties directly determine the
bioprinting resolutions shown in our comparison: 50-
100 µm for ns, 10-50µm for ps, and 1-10µm for fs
regimes [38,40,41].

• Bioprinting Outcomes: the cumulative effect of these
regime-dependent mechanisms manifests in printing
outcomes. Femtosecond LAB typically achieves
higher resolution (∼1-10 µm) with minimal thermal

damage to cells, though mechanical stress from shock
waves remains a concern [1]. Nanosecond LAB offers
operational simplicity and potentially higher through-
put but with lower resolution (∼50-100µm) and in-
creased thermal effects [18]. Picosecond LAB repre-
sents a middle ground in terms of resolution and cell
viability outcomes.

The quantitative conclusions drawn from our femtosec-
ond model, particularly regarding energy efficiency and ther-
mal loading, are therefore not directly transferable to other
pulse durations. For instance, our predicted energy conver-
sion efficiency from laser to bubble (12%) would likely be
lower in nanosecond regimes due to increased energy dissi-
pation through thermal diffusion and plasma shielding. Simi-
larly, the jet velocity and printing resolution would differ sub-
stantially across regimes due to the fundamental differences
in bubble dynamics and initial pressure distributions.

6. Model limitations

While the presented multiphysics model provides valuable
insights into the fundamental mechanisms of LAB, it is es-
sential to acknowledge its limitations and discuss the implica-
tions for interpreting the results and guiding future research.

6.1. Model validation

Our current validation relies on comparing simulation results
with experimental data reported in the literature [1-3,19].
While this approach demonstrates the model’s capability to
reproduce key observations and orders of magnitude (e.g.,
bubble size, jet velocity with<10% deviation), the absence
of direct experimental validation against a dedicated bench-
mark dataset represents a limitation. Variability in experi-
mental conditions across different studies introduces uncer-
tainties when comparing results. Future work should ideally
involve specific experiments with synchronized high-speed
imaging of bubble and jet dynamics under precisely con-
trolled laser and bioink conditions (e.g., defined viscosity,
cell concentration) to allow for a more rigorous quantitative
validation. To address these validation limitations, we pro-
pose a comprehensive future validation framework involv-
ing synchronized multi-modal measurements under precisely
controlled conditions. Ideally, this would include: (1) Ultra-
high-speed imaging (>1 million fps) with synchronized pres-
sure sensors to simultaneously capture bubble dynamics, jet
formation, and pressure wave propagation; (2) Controlled ex-
periments with standardized bioinks of varying rheological
properties (viscosity, elasticity, shear-thinning behavior) and
precisely characterized optical properties; (3) Systematic pa-
rameter variation studies (laser energy, pulse duration, focus-
ing conditions, bioink layer thickness) with quantitative mea-
surements of energy partitioning throughout the process; and
(4) Cell-laden bioink experiments with post-printing viabil-
ity assessments correlated to measured physical parameters.
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Such a validation framework would provide the comprehen-
sive benchmark dataset needed for rigorous model validation
and refinement, particularly for the complex energy cascade
and biological impact predictions.

6.2. Physical realism

The model employs simplifying assumptions, notably 2D ax-
ial symmetry and bioink homogeneity. While necessary for
computational tractability, these assumptions limit the direct
applicability to real-world bioprinting scenarios. Bioinks are
often heterogeneous, containing cells, microcarriers, or vary-
ing polymer concentrations, which can significantly influence
laser energy absorption, bubble dynamics, jet rheology, and
ultimately printing fidelity [42,43]. Local variations in vis-
cosity or the presence of cells can affect energy deposition
patterns and introduce asymmetries not captured by the cur-
rent model. Furthermore, hydrodynamic instabilities or slight
asymmetries in the experimental setup can lead to 3D effects,
particularly during jet breakup or droplet formation, which
are inherently neglected in our 2D axisymmetric framework.
Future developments should aim towards full 3D simulations
and incorporate more sophisticated bioink descriptions, po-
tentially using multi-scale or two-phase fluid models that ex-
plicitly account for cellular components and local hetero-
geneities [42].

6.3. Other physical phenomena

Certain complex phenomena are currently neglected or sim-
plified. Plasma shielding effects, where the generated plasma
absorbs or reflects subsequent parts of the laser pulse, could
become significant at higher fluences and influence the to-
tal energy deposited. Nonlinear acoustic wave propagation
and potential shock wave interactions are simplified. Detailed
cell-fluid interactions, including cell deformation under shear
stress within the jet, are not explicitly modeled. Additionally,
potential photochemical reactions induced by the plasma or
UV radiation generated during the process are not accounted
for, which could have implications for cell viability and long-
term bioink stability. Incorporating these aspects represents
important avenues for future model refinement.

6.4. Biological implications and applications

While this study focuses on the underlying physics, the ul-
timate goal of LAB is biological application. The physi-
cal phenomena modeled here have direct biological conse-
quences. The high pressures (up to 100 MPa) associated with
shock waves and the high shear rates within the accelerat-
ing jet can potentially damage cells or affect their phenotype
[44]. Understanding the distribution of these stresses, as pro-
vided by the model, is crucial for defining safe operating win-
dows. Furthermore, the interaction between the laser/plasma
and the bioink components could lead to material degradation
or modification, affecting the structural integrity and biologi-
cal function of the printed construct [45]. Our model provides

a framework to investigate how process parameters influence
these potentially detrimental effects, guiding the optimization
of laser parameters and bioink formulation [42] for specific
applications like skin or corneal tissue engineering, or the
development of complex in vitro disease models [43]. Fu-
ture work should focus on coupling the physical model with
biological response models to predict cell viability and func-
tionality post-printing.

7. Conclusion

This study presents a comprehensive multiphysics model of
laser-assisted bioprinting that integrates the complex phys-
ical phenomena occurring across multiple time and length
scales. By combining models of laser-matter interaction,
plasma formation, cavitation bubble dynamics, and fluid me-
chanics within a unified computational framework, we have
developed a powerful tool for investigating the fundamental
mechanisms governing the LAB process. Our model success-
fully captures the key physical processes involved in LAB,
from the initial femtosecond laser pulse absorption to the
millisecond-scale jet evolution. The simulation results re-
veal the complex energy transfer cascade throughout the pro-
cess, with approximately 40% of the laser energy converted
to plasma energy, 30% of plasma energy transferred to me-
chanical bubble energy, and 70% of bubble energy ultimately
contributing to jet kinetics. This energy partitioning explains
the relatively low overall energy efficiency of the LAB pro-
cess (approximately 7% from initial laser pulse to jet kinetic
energy) and highlights opportunities for process improve-
ment. The model accurately predicts several critical process
characteristics that have been experimentally observed. The
plasma formation phase results in electron densities exceed-
ing 1020 cm−3 and temperatures reaching 5000 K, consistent
with previous studies of laser-induced breakdown in aqueous
media. The bubble dynamics simulation yields a maximum
bubble radius of 45µm and collapse time of 4.2µs, in ex-
cellent agreement with experimental measurements. The jet
formation phase exhibits a maximum height of 46µm and
initial velocity of 30 m/s, with distinct acceleration, deceler-
ation, and retraction phases that match experimental obser-
vations. Validation against experimental data demonstrates
the model’s ability to predict jet characteristics with less than
10% deviation across a range of operating conditions. This
level of accuracy confirms the model’s utility as a predictive
tool for understanding and controlling the LAB process. The
model’s ability to provide detailed spatiotemporal informa-
tion about otherwise inaccessible parameters, such as tem-
perature distributions, pressure fields, and shear stress pro-
files, offers valuable insights that complement experimen-
tal investigations. The multiphysics approach employed in
this study represents a significant advancement over previ-
ous modeling efforts that typically addressed only isolated
aspects of the LAB process. By integrating all key physical
phenomena within a unified framework, our model provides
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a more comprehensive understanding of the process dynam-
ics and their inter-dependencies. The use of adaptive mesh
refinement techniques enables efficient resolution of the mul-
tiscale nature of the process, from nanometer-scale plasma
formation to millimeter-scale jet propagation. Beyond the
fundamental physical insights, the multiphysics model pre-
sented herein offers direct implications for critical biological
considerations in LAB, particularly cell viability and deposi-
tion precision. The localized and transient nature of plasma
formation and cavitation bubble dynamics, accurately cap-
tured by our femtosecond laser model, inherently minimizes
the thermal dose experienced by encapsulated cells, a key
factor in preserving their viability. Furthermore, the model
provides a quantitative framework to assess the mechanical
stresses, such as shear rates and pressure gradients, exerted
on cells during jet formation and droplet deposition. Under-
standing these forces is paramount for optimizing laser pa-
rameters and bioink rheological properties to ensure high cell
viability post-printing. Concurrently, the precise simulation
of jet dynamics, including its trajectory, velocity, and droplet
formation, directly informs strategies for achieving high de-
position accuracy. This precision is crucial for fabricating
complex tissue architectures with controlled cellular arrange-
ments, thereby advancing the utility of LAB in regenerative
medicine and tissue engineering applications. Despite its ca-
pabilities, our model has limitations that should be addressed

in future work. These include simplifications in the mate-
rial models, limited treatment of thermal effects on biological
components, and computational constraints that necessitate
certain approximations. Addressing these limitations and ex-
tending the model to incorporate cellular-scale effects, mul-
tiple droplet interactions, and crosslinking kinetics represent
promising directions for future research. In conclusion, this
work provides fundamental insights into the physical mech-
anisms governing laser-assisted bioprinting and establishes a
computational framework for understanding the process dy-
namics. The knowledge gained from this study contributes to
the scientific foundation needed for advancing high-precision
tissue engineering applications. By elucidating the complex
relationships between process parameters and printing out-
comes, our model offers a physics-based approach to under-
standing and controlling the LAB process, ultimately sup-
porting the development of more sophisticated bioprinting
technologies for regenerative medicine and drug discovery
applications.
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